Palm oil is extracted from fruits of African palm (Elaeis guineensis), which has gain attention as raw material for the production of a huge amount of products in food and cosmetic industry. However, wastes of energy in extraction stage has limited its applicability. This work aims on identifying the major exergy sinks (related to higher useful energy losses) through first and second law of thermodynamics in the production process of palm oil, palm kernel oil and hydrogen. Simulation was performed in a commercial process simulation software, in which physical and chemical exergies of the species involved were quantified. The results showed a production rate of 5.07 t/h of palm oil, 0.5078 t / h of palm kernel oil and 6.8263 t/ h of hydrogen, as well as 0.739 t/h of animal feed from 30 t/h of palm bunches. An overall exergy efficiency of 38% was obtained, while the process of hydrogen separation had the lowest efficiency percentage (0.0078%). For increasing overall exergy efficiency of palm refinery, it is proposed a cleaning treatment to condensation streams leaving the sterilizing stage and its use as dilution water for settling stage.
Introduction
Vegetable oil is currently used worldwide as a sustainable commercial raw material [1] . Some of them also contain high amounts of saturated fatty acids as palm kernel oil, coconut oil, and palm oil [2] . Oil from palm have been considered as a promising renewable energy source because it is a cheap-high yielding oil crop and can easily be converted to biofuels [3] . The production of palm oil is source of huge amounts of biomass including empty fruit bunch, fiber, shell, and palm oil mill effluent [4, 5] , which contain lignin, cellulose, hemicellulose and other extractives allowing it to be suitable for thermal conversion process [6] . This biomass can be transformed into combustible gas by subjecting it to gasification process [7] . Palm Kernel oil is another by-product of palm oil production process, which exhibits high oxidative stability that differentiates itself from other commercial oils [8] . Many authors have estimated irreversibilities in extraction processes of palm and palm kernel oils, as well as hydrogen. For example, Rocha Ortega et al. [9] estimated the irreversibilities of the process of extraction of African palm including stages of sterilization, removing of fruits, digestion, pressing, clarification and drying. In this work, exergy analysis was performed for producing palm oil, palm kernel oil and hydrogen from rachis of palm in order to identify major exergy sinks and suitable alternatives for improving efficiency of the process.
Materials and Methods

Process description
Palm oil extraction process is shown in block diagram of Figure 1 , where palm bunches are subjected to sterilization with steam in order to soften the pulp tissues by hydrolysis and prevent the effect of enzyme lipase on free fatty acids. The fruits are separated from palm rachis through a rotating drum. The fruits move towards digestion stage, while the rachis is sent to the hydrogen production process. In digestion stage, fruits are macerated and pressed to form a cake from which a liquor is extracted containing huge amount of oil. This liquid flows towards a decanting process that separates 90% of the oil. The resulting cake is sent to palmistry for clarifying by centrifugation until recovering 10% of oil and then, it is subjected to separation of fiber from nut. Fibers are used as fuel in the boiler for steam generation. The stream resulting from this process (stream 40) enters a stage of almond-husk separation. On the other hand, the almond goes through a stage of drying and subsequent pressing, where a liquor rich in palm kernel oil is extracted. On the other hand, the palm kernel cake leaves the process and is stored to be converted into animal feed. The liquor extracted from the almond enters a stage of clarification where finally palm kernel oil and a residual flow containing sludge are obtained. Palm rachis milled and dried for increasing contact surface and reducing formation of tars in gasification. Biomass, pure oxygen and coal enters to gasifier allowing to obtain by means of chemical reactions, a synthesis gas composed by H2, CH4 and CO2 and waste called tars. This gas is sent to a cooling step, which includes a heat exchange to reduce the temperature from 1173.15 K to 298.15 K and an electric cooling to 283.15 K. In order to carry out this gas production, huge amount of liquid water needs to be fed, generating a waste liquid water stream and a syngas with a higher concentration of hydrogen. The syngas is heated to 643.15 K and fed to the second shift reactor. The resulting stream (stream 36) is mixed with Selexol in order to dissolve undesirable components such as CH4, CO and CO2 and subsequently obtain by means of flash separation, pure hydrogen. Table 1 shows composition of raw material used for this work. Composition of syngas obtained after gasification is 60% H2, 32% CO2, 3% CH4, 1% CO and 4% N2. On the other hand, main components of palm oil are 1, 3-Dipalmitoyl-2-oleoylglycerol, 1, 2-dioleoyl-3-palmitoylglycerol and 1-Palmitoyl-2-oleoyl-3-linoleoyl-rac-glycerol (30%, 26% and 11%, respectively). Palm kernel oil obtained after raw material processing is composed mainly of Trilaurin, 1, 2-Lauroyl-3-miristoylglycerol, 1, 2-Miristoyl-3-Lauroylglycerol and 1, 3-Lauroyl-2-oleoylglycerol (0.36, 0.21, 0.14 and 0.11 %, respectively). Animal feed stream contents 34% cellulose, 32% water, 17% xylose and 17% lignin. 
Exergy analysis
The exergy balance at steady state in general can be written as the exergy that enters the system equating it to the sum of the exergy that leaves, destroys and loses the system respectively by Equation (1) .
The physics exergy related with temperature, entropy and enthalpy:
Where H is the enthalpy, S is the entropy, T is the environmental temperature and superscript indicates dead state. Chemical exergy is given by Equation 3 , where y i is the molar fraction of component i, Ex 0 ch,i is chemical exergy of pure compound, T0 is reference temperature and R is the gas constant. 
Computer-aided exergy analysis of a palm based-biorefinery
Lost exergy is defined by:
Physical exergy and enthalpy steams were calculated with UNIFAC model and SRK EoS. Hemicellulose and lignin are considered as Xylose and Propylbenzene respectively, which are their main constituent monomers. The exergy efficiency is given by Equation 5.
Results and Discussion
Physical and chemical exergy of streams in palm oil, palm kernel oil and hydrogen production are shown in Table 2 . Figure 2 shows overall results for exergy analysis of palm oil, palm kernel oil and hydrogen production process. It is observed a global exergy efficiency of 38%, which is lower than that of the simple palm oil extraction process reported by Martínez et al. [10] whose overall efficiency is 59%. These results can be attributed mainly to the large amount of unused waste throughout the process. On the other hand, energy requirements in different stages are low, so exergy due to utilities does not mainly affect the amount of irreversibilities present in the process. Overall results for exergy analysis Figure 3 shows percentage of destroyed exergy, total process irreversibilities, exergy efficiency and total exergy of process wastes of each of the stages of the extraction process of palm oil, palm kernel oil and hydrogen production. It is observed that the exergy efficiency of hydrogen separation is the lowest (0.0079%), which is due to huge amount of exergy that is misspend when Selexol leaves this stage, thus global exergy efficiency would increase if Selexol stream is well used.
On the other hand, in terms of exergy generated by process wastes, stages for palm kernel oil extraction present the lowest values because of exploitation of almost all residual streams. 
Conclusions
The Exergy analysis performed on palm oil, palm oil and hydrogen production process was a useful tool for identifying stages of greatest exergy destruction. The simulation included 30 t/h of African palm bunches as raw material, for which 5.07 t/h, 0.5078 t/h and 6.8263 t/h of palm oil, palm kernel oil and hydrogen, respectively, were obtained. Exergy of products, utilities and wastes were calculated indicating that utilities does not mainly affect global irreversibilities in the process and exergy efficiency could be improved through a better use of residual streams. 
